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SURFACE MODIFIED STAINLESS STEEL 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to surface modified stainless steel 
with increased resistance to high temperatures. In particular, it relates to FeCrAl 
alloys that are modified by the application of a Ca-containing compound on their 
surface. 

DESCRIPTION OF THE RELATED ART 

[0002] In the description of the background of the present invention that follows 
reference is made to certain structures and methods, however, such references 
should not necessarily be construed as an admission that these structures and 
methods qualify as prior art under the applicable statutory provisions. Applicants 
reserve the right to demonstrate that any of the referenced subject matter does not 
constitute prior art with regard to the present invention. 
[0003] It is known in the art to use FeCrAl alloys for applications with high 
requirements for heat resistance, such as purification of automobile exhaust gases 
by using catalytic converters made of metallic substrates, or in electrical resistance 
heating applications. Aluminum is added to the alloy to form an alumina layer on 
the surface of the alloy after heat treating the alloy. This alumina is considered to 
be one of the most stable oxides having low oxidation rate at high temperatures. 
FeCrAl-alloys, forming aluminum oxide at exposure to high temperatures, e. g. 
above 1000°C, especially in thinner dimensions, for instance 50 |im foils for use 
in catalytic converters in the automobile industry, have a limited lifetime. This is 
due to breakaway oxidation, oxidation of Fe and Cr and that the matrix is depleted 
of Al after aluminum oxide formation after certain periods of time of use in cycles 
of high temperatures. 

[0004] Conmion conventional methods of increasing lifetime are the following: 
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- alloying with Rare Earth Metals (REM) and/or Yttrium in order to increase the 
oxidation resistance of the FeCrAl alloy by supporting the formation of an . 
aluminum oxide layer on the surface of the alloy; 

- increasing the aluminum content, or the contents of other elements with high 
oxygen affinity, in the matrix, which often leads to production difficulties such as 
embrittlement during rolling; and 

- cladding the material with aluminum foils. 

[0005] These methods have to rely on time consuming diffusion controlled 
processes. 

SUMMARY OF THE INVENTION 

[0006] It is therefore an object of the present invention to provide a new 
approach to increase the resistance to corrosion at high temperature, especially at 
cyclic thermal stress, and thereby increase the lifetime of said type of alloy. 
[0007] By applying a continuous uniform layer of a Ca-containing compound on 
the surface of the FeCrAl alloy before aimealing, a mixed oxide of Al and Ca is 
formed during the heat treatment. This treatment gives the advantage of 
influencing, i.e., hindering, the aluminum oxide formation and nucleation during 
the beginning of exposure to high temperature, which increases the lifetime more 
effectively than other methods, e.g., alloying or cladding. The surface has a more 
compact and homogenous oxide layer with less pores, dislocations and cavities 
than the previously known alumina layers formed on FeCrAl-alloys after heat 
treatment. The surface layer acts as barrier for aluminum ions and oxygen to 
diffuse through the alloy /oxide boundary and the oxidation resistance and lifetime 
of the alloy are therefore significantly improved. It is believed that the Ca-layer 
on the surface of the alloy tightens the surface in a way that the alumina depletion 
of the alloy is drastically reduced. Ca also favors the selective oxidation of Al, 
which improves the oxidation resistance at elevated temperatures and the lifetime 
of the alloy. 
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BRIEF DESCRIPTION OF THE DRAWING FIGURES 

[0008] Figure 1 shows a TEM-micrograph in 100 OOOx magnification of an 

embodiment of the present invention. 

[0009] Figure 2 shows typical results from the oxidation testing performed at 
llOO^C for a period of 400 hours, showing the weight gain as a function of time 
for alloys according to the present invention and the known art. 
[0010] Figure 3 shows an example of a depth profile measurement on an 
annealed but not coated material. 

[0011] Figure 4 shows, in the same way, an example of a coated material 
according to the present invention. In this case, there is found a layer on the 
surface with a thickness of approximately 50nm, rich in Calcium. 

DETAILED DESCRIPTION OF THE INVENTION 

[0012] Generally, certain features of the present invention are shown in Figure 
1, wherein: 

A. FeCrAl alloy 

B. Columnar aluminum oxide grains. ' 

C. Grain boundary in the oxide. 

D. Calcium-containing layer filling in imperfections and grain boundaries in the 

oxide. 

[0013] An alloy suitable for being processed according to the present invention 
includes hotworkable ferritic stainless steel alloys, normally referred to as FeCrAl 
alloys, that are resistant to thermal cyclic oxidation at elevated temperatures and 
suitable for formuig a protecting oxide layer thereon, such as an adherent 
aluminum oxide, said alloy comprising or consisting essentially of (by weight) 10- 
40% Cr, 1.5-8.0% Al, preferably 2.0-8.0 %, with or without an addition of REM 
elements at amounts up to 0. 1 1 % , up to 4% Si, up to 1 % Mn and normal 
steelmaking impurities, the remainder being Fe. Such suitable ferritic stainless 
steel alloys are, for instance, those disclosed in US Patent 5,578,265, which is 
hereby incorporated by reference and henceforth referred to as STANDARD 
FeCrAl alloy. These types of alloys are good candidates for final applications, 

-3- 
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which include electrical resistance heating elements and catalytic substrates such as 
used in catalytic systems and converters in the automotive industry. 
[0014] One feature is that the material contains at least 1.5 % by weight of 
aluminum to form alumina as a protective oxide on the surface of the alloy after 
heat treatment. The method is also applicable to composite materials, such as clad 
materials, composite tubes, PVD-coated materials, etc. wherein one of the 
components in the composite material is a FeCrAl alloy as mentioned above. The 
coated material may also be comprised of a nonhomogeneous mixture of the 
alloying elements, for instance, a chromium steel coated with aluminum by, for 
instance, dipping or rolling, where the total composition for the material is within 
the limit specified above. 

[0015] The coating method may be applied on any kind of product made of said 
type of FeCrAl alloy and in form of a strip, bar, wire, tube, foil, fiber etc., 
preferably in the form of foils, that has good hot workability and which may be 
used in enviroimients with high demands on resistance to corrosion at high 
temperatures and cyclic thermal stress. The surface modification will preferably 
be effected by a part of a conventional production process, but care should of 
course be taken to other process stages and the final application of the product. It 
is another advantage of the invention that the Ca-containing compound can be 
applied independently of the type of FeCrAl alloy or the shape of the part or 
material to be coated. 

[0016] A broad variety of methods for the application of the coating media and 
the coating process may be used as long as they provide a continuous uniform and 
adherent layer. This may include techniques such as spraying, dipping. Physical 
Vapor Deposition (PVD) or any other known technique to apply a fluid, gel or 
powder of a Ca-containing compound on the surface of the alloy, preferably PVD 
such as disclosed in WO98/08986. 

[0017] It is also possible to apply the coating in the form of a fine-grained 
powder. The conditions for applying and forming the Ca-layer on the surface of 
the alloy may have to be determined experhnentally in individual cases. The 
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coating will be affected by factors such as temperature, time of drying, time of 
heating, composition and properties as well of the alloy as the Ca-containing 
compound. 

[0018] Another important issue is that the sample should be cleaned in a proper 
way to remove oil residues etc., which may affect the efficiency of the coating 
process and the adhesion and quality of the coating layer. 
[0019] It is an advantage if this surface modification is included into a 
conventional production process, preferably before the final annealing. The 
annealing may be performed in a non-oxidizing atmosphere for a suitable period of 
time at 800°C up to 1200°C, preferably 850°C to 1150°C. It is also possible to 
coat the material in several steps to attain a thicker Ca-layer on the surface of the 
FeCrAl-alloy. In this case one could use different kinds of Ca-containing 
compounds to reach denser layers. For example it might be convenient to use a 
Ca-containing compound that adheres well to the metal surface in the first layer 
and then apply a Ca-containing compound which has a better performance in 
building a uniform and dense Ca-layer to improve the resistance to high 
temperature corrosion at cyclic thermal stress. 

[0020] Furthermore, it might also be possible to apply the coating at different 
production stages. As an example one could mention cold rolling of thin strips. 
For example, you might repeatedly roll, clean and anneal the strip several times. 
Then it might be convenient to apply the coating before each annealing. In this 
way, the nucleation of the oxide will be enhanced, even though, in applicable 
cases, the subsequent rolling operation to some extent may partially destroy the 
oxide layer. It might also be possible to use different kinds of Ca-containing 
compounds in each step to reach optimum adhesion and quality of the coating layer 
and to adapt the coating step to the other steps of the production process. 
[0021] Several different types of Ca-containing compounds, with different 
compositions and concentrations as described below, may be applied as far as they 
contain sufficient amounts of Ca in order to obtain a continuous and uniform layer 
of Ca, that has a thickness of between lOnm and 3|am, preferably between lOmn 



-5- 



Attorney Docket No. 024445-227 

and 500nm, most preferably between lOnm and lOOnm, and contains between 
0.01 wt-% and 50wt-% of Ca, preferably 0.05wt-% up to lOwt-%, most preferably 
O.lwt-% up to lwt-%, on the surface of the material. The type of the Ca- 
containing compound should of course be selected corresponding to the used 
technique to apply the coating and the production process in total. The compound 
may, for instance, be in the form of a fluid, gel or powder. Experiments showed 
good results for colloidal dispersion with a Ca-content of approximately 0. lvol-% . 
[0022] A few specific nonlimiting examples of calcium containing compounds, 
which leave Calcium on the surface and could be used, alone or in combination, 
include: 

a) Soap and degreasing solvents. 

b) Calcium nitrate. 

c) Calcixmi carbonate. 

d) Colloidal dispersions. 

e) Calcium stearate. 

f) Calcium oxides. ' 

[0023] In the case of fluid compounds the solvent may be of different kinds, 
water, alcohol, etc. The temperature of the solvent may also vary because of 
different properties at different temperatures. 

[0024] Experiments have shown that it is favorable for the coating to have a 
wide variety in grain size of the Ca-containing compound. A wide variety 
supports the adherence of the layer on the surface of the FeCrAl alloy. 
Furthermore, cracks in the Ca-containing surface layer occurring under drying will 
be avoided. As a result of practical testing it could be stated that drying, if 
included as a step in the production procedure, should not be carried out at 
temperatures over approximately 200*^C in order to avoid cracking of the Ca-rich 
layer. If the size of the Ca-grains exceeds to an amount of approximately 100 nm 
with a wide variation of grain sizes, the best results for adhesion and homogeneity 
of the coating layer were obtained. The same result could be obtained if the 
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coating will be carried out in several steps and/or with different Ca-containing 
compounds in order to obtain a dense film on the surface of the alloy. The time 
period for the drying should be limited to approximately 30 seconds. 

EXAMPLE 

[0025] A foil 50 ^m thick of standard FeCrAl alloy was dipped in a soap 
solution, dried in air at room temperature and thereafter heat treated for 5 seconds 
at 850°C. After the coating process samples (30 x 40 nrni) were cut out, folded, 
cleaned with pure alcohol and acetone. Then the samples were tested in a furnace 
in 1100 °C, normal atmosphere. The weight gain was then measured after 
different periods of time. This FeCrAl foil with a coating according to the 
invention had a weight gain of 3.0% after 400 h. A standard, uncoated FeCrAl 
alloy had a weight gain of 5.0% after 400 h. See Figure 2, This means in 
practice a more than doubled lifetime of the foil material Ca-coated according to 
the invention. 

[0026] The cross section of the surface layer was analyzed using Glow Discharge 
Optical Emission Spectrometry (GD-OES). Using this technique it is possible to 
study the chemical composition of the surface layer as a fiinction of the distance 
from the surface into the alloy. The method is very sensitive for small 
concentrations and it has a depth resolution of a few nanometers. The result of die 
GD-OES analysis of the standard foil is shown in Figure 3. There only exists a 
very thin passivation layer on this material. 

[0027] A foil according to the invention is shown in Figure 4. From Figure 4 it 
is apparent that the Ca-enriched surface layer is about 45 nm thick. 
[0028] The primary technique for the classification of the materials after the 
coating process and annealing is of course the oxidation testing. However, using 
GD-OES and TEM-microscopy etc., it has been possible to adjust the process and 
to explain the influence of critical parameters, such as concentration of the coating 
media, thickness of the coating, temperature etc. 



